Biological control of plant pests and pathogens continues to inspire research and development in many fields. Plant pathogens are just one class of targets of biological control, which also is designed to limit other pests such as insects, parasitic nematodes, and weeds. In the narrowest sense, biocontrol involves suppressing pest organisms with other organisms. However, the interrelationships of many environmental variables can result in multiple interactions among organisms and their environment, several of which might contribute to effective biological control. Furthermore, natural products and chemical compounds discovered as a result of basic research into the molecular mechanisms of pathogenesis and biological control have led to the development of "biorational" pesticides. Here, we use the term biological control in the broader sense as we describe the current status of research, commercial development, and application of biocontrol strategies targeted at plant pathogens. We conclude by describing future prospects for using biological control to limit the damage of plant pathogens in both conventional and organic agriculture.
Research
Over the past one hundred years, research has repeatedly demonstrated that phylogenetically diverse microorganisms can act as natural antagonists of various plant pathogens (6) (Fig. 1) . The interactions between microorganisms and plant hosts can be complex. Interactions that lead to biocontrol can include antibiosis, competition, induction of host resistance, and predation (7) . When testing bacterial and fungal isolates from the environment for biocontrol activities, between 1 and 10% show at least some capacity to inhibit the growth of pathogens in vitro. However, fewer isolates can suppress plant diseases under diverse growing conditions and fewer still have broadspectrum activity against multiple pathogenic taxa. Nonetheless (20) . Screening is a critical step in the development of biocontrol agents. The success of all subsequent stages depends on the ability of a screening procedure to identify an appropriate candidate. Many useful bacterial biocontrol agents have been found by observing zones of inhibition in Petri plates (Fig. 2) . However, this method does not identify biocontrol agents with other modes of action such as parasitism, induced plant resistance, or some forms of competition. Screening methods for parasitism include burying and retrieving propagules of the pathogen to isolate parasites. For competition, methods include looking for microbes that quickly colonize sterilized soil and have the ability to exclude other organisms that attempt to invade the space, and looking for microbes that colonize the infection court. Primary screens for new biocontrol microbes are still undertaken (13) , and it seems likely that continued prospecting will be required to diversify the potential applications of biocontrol as well as replace more widely used biocontrol products should resistance develop. In addition, other areas of research in the field of plant pathology have opened up new opportunities for disease control. Research on the mechanisms of biocontrol employed by effective bacterial strains has revealed a variety of natural products that can be exploited for the development of chemical control measures. One well-known example is pyrrolnitrin, a natural product produced by some Pseudomonas spp. That compound provided the chemical model for development of fludioxonil, a broad-spectrum fungicide used as seed treatment, foliar spray, or soil drench (14) . Research into the mechanism by which plants resist bacterial pathogens (10) led to the discovery of harpin, a protein that is now being used to activate crop defenses prior to pathogen attack. Indeed, a variety of pathogenic and non-pathogenic microorganisms can induce plant defenses and may be useful as biocontrol agents (22) . Other research, on the effects of organic amendments, suggests that both chemical and biological components of compost-amended soils can contribute to disease suppression (1, 5, 24) . Such discoveries point to the substantial potential of diverse programs in basic research to lead to improvements in various biological control strategies. A variety of research questions remain to be fully answered about the nature of biological control and the means to most effectively manage it under production conditions. Advanced molecular techniques are now being used to characterize the diversity, abundance, and activities of microbes that live in and around plants, including those that significantly impact plant health (15, 17) . Still, much remains to be learned about the microbial ecology of both plant pathogens and their microbial antagonists in different agricultural systems (12, 23) . Fundamental work remains to be done on characterizing the different mechanisms by which organic amendments reduce plant disease (9) . More studies on the practical aspects of mass-production and formulation need to be undertaken to make new biocontrol products stable, effective, safer and more cost-effective (8) .
Commercial Development* Interest in biological control research continues reflecting the desire of multiple constituencies to develop sustainable methods for controlling plant disease. Growing concerns about environmental health and safety have led to substantial regulatory changes in the past several years, including the Food Quality Protection Act of 1996 (Appendix 1). The FQPA reconciles previous discrepancies between pesticide regulation under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) and the Federal Food Drug, and Cosmetic Act (FFDCA). Such concerns have led to increased restrictions on a variety of chemical pesticides, including some of those used to suppress plant diseases. The IR4 program also encourages the development of biorational pesticides (Appendix 1). The CREES Biological Control Working Group (Appendix 1), which brings together representatives of state and federal agencies and the private sector, have published a white paper defining a new paradigm for biocontrol and outlining action steps to foster further development of the industry (4). In addition, the majority of growers continue to express interest in biologically-based pest management strategies of all types as central components of an IPM approach. Such market realities promote the development of biocontrol products. Still, the path to developing and applying effective biocontrol methods is a long one, fraught with a variety of difficulties (16) . Scientific, regulatory, business management, and marketing issues must all be handled effectively for a biocontrol product to be successful in the marketplace. Currently in the US, a number of biologically-based products are being sold for the control of plant diseases (Fig. 3, Appendix 2) . A growing number of companies are also developing new products that are in the process of being registered. Many of these companies are small, privately owned firms with a limited product-line (e.g., Galltrol produced by AgBiochem). Others are publicly traded and have substantial capitalization values of between 10 and 100 million dollars (e.g., Eden Bioscience). In addition, larger, billion-dollar companies with more diverse product lines that include a variety of agricultural chemicals and biotechnologies (e.g., Gufstafson LLC, Monsanto, Syngenta) have played a significant role in the development and marketing of products for the control of plant pathogens. Because the cost of registering a product with the EPA as a biopesticide can be between $200,000 and $500,000, a minimum capitalization close to 1 million dollars is required for establishing a start-up company. The time to complete registration currently averages under 18 months, but the data generation requirements for different types of products and the level of experience a company has with past registrations can significantly impact the time to registration. To assist companies with the registration process, the EPA sponsors workshops each year. Biocontrol products are either marketed as stand-alone products or formulated as mixtures with other microbials (e.g., High Stick N/T) or synthetic fungicides (e.g., Kodiak). Some products with biocontrol properties may not be registered, but are sold instead as plant strengtheners or growth promoters without any specific claims regarding disease control. To help improve the global market perception of biopesticides as effective products, the Biopesticide Industry Alliance is establishing a certification process to ensure industry standards for efficacy, quality, and consistency (P. Marrone, personal communication). More complete information on commercially available biocontrol products can be obtained from a number of sources (Fig. 4) . The U.S. Environmental Protection Agency's Office of Pesticide Programs manages a website containing substantial amount of information on biopesticides (Appendix 1). In addition, listings of products and sources can be freely obtained from sites managed by ATTRA and the APS Biological Control Committee (Appendix 1). Several companies also have had the Organic Materials Review Institute (OMRI) certify their products as suitable for organic production (Appendix 1). Product labels and material safety data sheets for biopesticides as well as many other pesticides can be freely obtained from CDMS, a private information service (Appendix 1). Additional contact information can be obtained from a variety of business information sources for a fee (e.g., CPL Scientific Information Co, or Harris InfoSource [Appendix 1]). Efficacy data are generally available from the producers of biopesticides, most of whom who have invested substantial sums of money into the development and testing of their products. Independent assessments of efficacy can be found scattered in a variety of sources, including extension reports and bulletins as well-as scientific journals published by the American Phytopathological Society including Plant Disease and Biological and Cultural Tests (Appendix 1) which are available in print and on-line formats.
*Mention of trade names or commercial products in this publication is solely for the purpose of providing scientific information. Mention within this article does not imply recommendation or endorsement by the Ohio State University or U. S. Department of Agriculture of said products, nor does it reflect prejudice against other commercial products or ventures that are not described. Successful application of biological controls requires more knowledgeintensive management (4) (Fig. 5) . To this end, extension personnel and growers must also become more fully aware of the costs and benefits that biopesticides can provide. Understanding when and where biological control of plant pathogens can be profitable requires an appreciation of its place within integrated pest management systems (11) . For this purpose, the model of a pyramid can be used to highlight the way growers might productively construct their pest management programs (Fig. 6 ). In this model, the foundation of a sound pest and disease management program in an annual cropping system begins with sound cultural practices that alter the farm landscape to promote crop health. These include crop rotations that limit the availability of host material used by plant pathogens. Judicious use of tillage can disrupt pest and pathogen life cycles, bury weeds, and prepare seed beds of optimal moisture and bulk density. Careful management of soil fertility and moisture can also limit plant disease by minimizing plant stress. In nurseries and greenhouses, environmental control can be more tightly regulated in terms of temperature, light, moisture, and soil composition (i.e., peat-based potting mixes), but the design of such systems cannot wholly eliminate pest problems. The second layer of defense against pests consists of the quality of crop germplasm. Breeding for pathogen resistance contributes substantially to crop success in most regions. Newer technologies that directly incorporate genes into crop genomes, commonly referred to as genetic modification or genetic engineering, are bringing new traits into crop germplasm. The most-widely distributed of these plant-incorporated protectants (PIPs) are the different insecticidal proteins derived from Bacillus thuringiensis. Other technologies, such as seed washing, testing for pathogens, and treatment are also used to keep germplasm pathogen-free. In perennial cropping systems, such as orchards and forests, germplasm quality may be more important than cultural practices, because rotation and tillage cannot be used as regularly. Upon these two layers, growers can further reduce pest and pathogen pressure by considering both biological and chemical inputs.
Biologically-based inputs such as pheromone traps and microbial pesticides can be used to interfere with pest activities. Registered biopesticides are generally labeled with short reentry intervals (REI) and pre-harvest intervals (PHI), giving greater flexibility to growers who need to balance their operational requirements and pest management goals. When living organisms are introduced, they may also augment natural beneficial populations to further reduce the damage caused by targeted pathogens or pests. Finally, synthetic chemicals may be added to limit crop damage by pests and pathogens. Because of growing concerns about health and environmental safety, the use of toxic, carcinogenic, and/or environmentally damaging chemicals is currently being discouraged. Within the context of IPM programs, the use of such chemicals should be considered only after other management options have been fully implemented. Clearly, the different levels described by this model are not entirely independent of one another. Indeed, the numerous biotic and abiotic variables that influence crop health are rarely independent of one another. Such complexities point to the need for more integrative, multidisciplinary research on agricultural systems that will provide a deeper understanding of the conditions under which microbial biocontrol agents might be most productively applied. The goals of an IPM program are simple: minimize the economic and environmental costs of controlling plant pests and achieve sustainable agricultural production. All disease management strategies have associated costs. Growers need to carefully assess the potential costs and benefits of different disease management strategies. Conventional growers may have more options available to them in terms of chemical alternatives, but economic pressures to limit rotations or reduce tillage may promote more serious disease problems. In contrast, certified organic farmers are prevented from using most pesticides, including those commonly used as seed treatments, but longer and more diverse rotations may limit disease problems. In both cases though, thorough disease assessments are needed to determine the amount of disease pressure present and the causal agents. If the severity of a particular disease problem justifies management action beyond the first two tiers of the IPM model described above (Fig. 6) , then on-site testing of biocontrol products can generally be recommended. Because research has shown that the efficacy of microbial biocontrols can vary somewhat from site to site and year to year (e.g., 2,3), trials should include the use of side-by-side comparisons with untreated controls and adequate replication (n 3) across the farm over multiple growing seasons.
Future Prospects
There is a growing demand for sound, biologically-based pest management practices. Recent surveys of both conventional and organic growers indicate an interest in using biocontrol products (19, 21) , suggesting that the market potential of biocontrol products will increase in coming years. Applications of diverse biological control strategies have been successful in the greenhouse industry (where environmental design and control is greatest) and continue to increase (18) . Funding for basic and applied research continues to be provided by the USDA's Cooperative Research, Education, and Extension Service through a variety of programs (e.g., the National Research Initiative [NRI] , and the Pest Management Alternatives Program [PMAP]) as well as internally within the Agricultural Research Service (Appendix 1). Such investment will ensure that innovations in biological control research will continue. An upswing in commercial interests has also developed in the past few years, and prospects for increased growth are positive. The Biopesticide Industry Alliance has formed and it is now actively promoting the value and efficacy of biopesticides (including those that control plant pathogens). Clearly, the future success of the biological control industry will depend on innovative business management, product marketing, extension education, and research (4, 16) . Increased demand for organic produce and participation in home gardening activities by pesticidewary urban populations has enlarged the market for biocontrol products. The field of plant pathology will contribute substantially to making the 21st century the age of biotechnology by the development of innovative biocontrol strategies. 
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Plant Activators
Bacteria Serenade, YieldShield*
Bacterial protein Messenger
Synthetic chemicals Actigard** *Registration currently pending. **Registered as a "reduced-risk pesticide" though mechanism of action is primarily as a plant activator. 
